Abstract-Conventional methods of Ba 0 .6 K 0 .4 Fe 2 As 2 precursor preparation are complicated and expensive. In this paper, we describe the mechanical alloying of precursor by high-energy ball milling and its processing to wires and tapes. Our approach is to high-energy ball-mill a starting mixture of Ba and K pieces with Fe and As powders. The resultant powders are packed into an Ag sheath and reduced by groove rolling or flat rolling. Critical current density measurements were performed on unsintered wire and tape, and compared to the results of measurements on wire and tape sintered at 750°C for 12 h. We achieved 6.98 × 10 4 A/cm 2 at 4.2 K and self-field in the sintered tape. Our results indicate that the mechanical alloyed precursor and the resulting Ag-sheathed Ba 0 .6 K 0 .4 Fe 2 As 2 wires and tapes are promising but require further development.
I. INTRODUCTION

I
RON-BASED superconductors in wire and tape forms have their outstanding advantages, such as moderately high superconducting transition temperatures (T c ), high upper critical fields (H c2 ), and, in some cases, the potential for strong vortex pinning [1] - [6] . Among the iron-based superconductor family, the 122-type compound is the most promising because of its high H c2 , and low anisotropy [1] , [7] . Recently, the transport critical current density (J c ) of Sr-122 tape reached 0.1 MA/cm 2 at 10 T and 4.2 K [8] . It has been demonstrated that the micro-scale porosity observed in 122-type bulks causes a large reduction in the actual superconducting cross-sectional area producing a large decrease in the transport J c [1] , [7] . Thus, 122-type superconducting wires and tapes are usually fabricated by the ex-situ powder-in-tube (PIT) method in which preformed 122-type polycrystalline powder is used as precursor to avoid porosity arising from chemical reaction [1] , [7] .
The 122-type precursor is generally prepared by a one-step PIT or two-step solid-state-reaction (SSR) method. For the one-step PIT method, a mixture of pure elements (Ba, K, Fe and As) is ball-milled by a planetary ball milling after which the as-milled powders are sealed in a Nb tube in preparation for sintering [1] , [9] - [11] . Next, the sintered bulk is removed from the Nb tube and processed to wire/tape after ground by hand. In the case of the two-step SSR method, binary compounds such as B-As (B = Ba, Sr, K, Co, Fe or P) are first synthesized. Subsequently, these binary compounds are ground and mixed with the other pure elements according to the nominal composition and then sintered before being filled into a tube for wire drawing [5] , [7] . Besides, to improve the homogeneity for the 122-type phase, the third step is usually taken. The sintered bulk is re-ground, re-mixed, and re-sintered. Obviously, such a complicated process and the high production cost of these methods are problems for large-scale industrial production. Hence, a scalable and low-cost method is particularly desirable.
Recently, a mechanical alloying method was developed to prepare the 122-type precursor [12] - [14] . A mixture of pure elements (A, K, Fe and As, A denotes alkali earth) is mechanical alloyed by high-energy ball milling. The high-energy ball milling initiates a self-sustaining reaction, resulting in the formation of the 122-type phase. Importantly, the mechanical alloyed precursor can be immediately used for wire fabrication. Therefore, in this paper, we report the fabrication and superconductivity of Ag-sheathed Ba 0.6 K 0.4 Fe 2 As 2 wires and tapes using the mechanical alloyed precursor approach.
II. EXPERIMENTAL DETAILS
Ba 0.6 K 0.4 Fe 2 As 2 /Ag wires with rectangular cross sections were fabricated by the ex-situ PIT method. Ba pieces (99.99%), K pieces (99.95%), Fe powder (99.99%) and As powder (99.99%) were used as the starting materials. Mixtures with a ratio of Ba:K:Fe:As = 0.6:0.4:2:2 were placed in an argon-filled stainless steel canister and then high-energy ball-milled (SPEX mill) for 4 h. The weight ratio of stainless steel balls to the mixture was about 10:1 [14] . Mechanical alloyed powder was loaded into a pure Ag tube of 4.6 mm OD and 2.7 mm ID. The composite was then cold worked into wires with various cross-sectional areas through groove rolling. The wires with cross-sectional areas of ∼1.7 and 0.71 mm 2 will be referred as W 1 and W 2 , respectively. To fabricate tapes, a multi-pass flat rolling process is employed. The as-fabricated wires and tapes were cut into short pieces. After that, some pieces were sealed in evacuated quartz tubes, and sintered at 750°C for 12 h. Powder x-ray diffraction (XRD) pattern was measured using the 2θ/θ method with Cu Kα radiation. Magnetization measurements were performed using a Physical Property Measurement System (PPMS, Quantum Design). Microstructural and compositional investigations were performed by field emission scanning electron microscopy (SEM) equipped with energy dispersive x-ray spectroscopy (EDXS). Transport measurements of critical current (I c ) using a standard four probe method were carried out in transverse fields up to 10 T in pool-boiling liquid He at 4.2 K on samples 50 mm long with a gauge length of 5 mm. The transport J c was calculated by dividing the I c by the area of the core, and the electric field criterion for the transport measurements was 1 μV/cm. Fig. 1 shows the XRD pattern of the mechanical alloyed precursor powders. A crystalline Ba 0.6 K 0.4 Fe 2 As 2 phase is formed, confirming that the high-energy ball milling not only mixes the powders but initiates a self-sustaining reaction [13] , [14] . On the contrary, such a self-sustaining reaction does not take place during planetary ball milling, so long-time, high-temperature, sintering needs to be introduced [1] , [15] . This sintering not only increases the production cost, but also restricts the use of some sheath materials, including Fe, Cu and brass, because these sheaths would react with the core during sintering [1] , [14] , [16] . Small amounts of Fe impurities coming from the starting materials and/or ball milling media and canister may be present in the mechanical alloyed precursor; fortunately, Fe is one of the constituent elements of our final material. We can expect a better crystallization after the optimization of the high-energy ball milling process.
III. RESULTS AND DISCUSSION
The SEM images presented in Fig. 2(a) -(c) show the transverse cross sections of un-sintered and sintered W 1 , and sintered W 2 , respectively. The core areas are ∼0.336 mm 2 for W 1 and 0.09 mm 2 for W 2 . As seen in Fig. 2(a) , mechanical deformation during the groove rolling brings about obvious cracks in the un-sintered W 1 . The comparison of Fig. 2(a) and (b) indicates that the cracks were reduced by sintering. The crack can be barely observed in the sintered W 2 , which may due to its higher level of powder compaction. Fig. 2(d) shows a higher magnification backscattered electron image of the sintered W 2 . It can be seen that the boundary between the Ag sheath and the Ba 0.6 K 0.4 Fe 2 As 2 core is very clear, indicating no reaction between the Ag sheath and the core and confirming the chemical stability of Ag [1] , [11] . However, for the Cusheathed Ba 0.6 K 0.4 Fe 2 As 2 wires, obvious reaction layers with thicknesses of several μm were observed [14] , [16] . Micro-scale porosity shown by red arrows in Fig. 2(d) is present in our sintered Ba 0.6 K 0.4 Fe 2 As 2 wire. It is known that micro-scale porosity will contribute to weak link behavior at grain boundaries in the iron-based superconductors [1] , [8] , [14] . The effect of the micro-scale porosity on the transport J c is discussed below. Fig.  3(a) and (b) shows the SEM images of the transverse cross sections of un-sintered and sintered tapes. The cracks were found in the un-sintered tapes but healed for the sintered tape, as in the wires discussed above. The core areas of the un-sintered and sintered tapes from different passes of the flat rolling are about 0.24 and 0.148 mm 2 . Details of samples are listed in Table I . As shown in Fig. 4(a)-(f) , the good homogeneity of the sintered W 2 is confirmed by EDXS mapping based on SEM, which demonstrates that the element distribution of Ba 0.6 K 0.4 Fe 2 As 2 phase is homogeneously dispersed in the core. In addition, Ba, Fe and As elements, detected locally in the core area, almost completely disappear at the border of the Ag sheath. The slight diffusion of K into the Ag sheath noted in K mapping was also seen in some reported results [16] , [17] . Since the area for the EDXS mapping is small (e.g. 5.14 × 3.9 μm 2 ), the slight diffusion of K can be resolved. The composition of the sintered W 2 by EDXS analysis in Fig. 4(g) is Ba 0.52 K 0.48 Fe 2 As 2.07 .
Because of the obvious cracks in the un-sintered and sintered W 1 , and the un-sintered tape, magnetization measurements were only performed on the sintered W 2 and tape. The temperature dependences of zero-field-cooled (ZFC) and field-cooled (FC) magnetization for the sintered W 2 and tape are plotted in Fig. 5 . The sintered W 2 and tape are superconductive as indicated by the onset of diamagnetism with decreasing temperature. Secondly, the T c of ∼31 K determined by the onset of the diamagnetic signal is nearly the same as that of the sintered W 2 and tape. This value of T c of ∼31 K is close to the reported results and in accordance with the actual composition by EDXS [1] , [14] . Moreover, the susceptibility values above T c for the sintered W 2 and tape are small, indicating a very low concentration of magnetic impurities such as FeAs and Fe in both samples. On the other hand, the sintered tape shows a sharper superconducting transition than the sintered W 2 , which indicates a better homogeneity. In addition, compared to the sintered W 2 , the susceptibility value at 5 K for the sintered tape is smaller, so the superconducting volume fraction of the sintered tape is larger. Moreover, as shown in the FC branches, the sintered tape has a higher Meissner fraction than the sintered W 2 , suggesting improved connectivity [14] .
Transport measurements of I c at 4.2 K were performed up to 10 T on the sintered W 2 and tape. The un-sintered W 1 and tape were measured for comparison. The self-field current-voltage (E-J) curves of all samples are plotted in Fig. 6 . All self-field E-J curves show clear transitions from a zero resistance state to a resistive state. It is interesting that the un-sintered W 1 and tape also exhibit transport J c s, to the best of our knowledge this is the first report of a transport J c in un-sintered samples. The transport J c of un-sintered samples further confirms the formation and crystallization of Ba 0.6 K 0. [1] , [14] . Compared to the sintered W 2 , the higher self-field transport J c of the sintered tape is in accordance with their magnetization measurements results discussed above. Moreover, the self-field transport J c s of the sintered W 2 and tape are respectively similar to those of the un-sintered ones, indicating that sintering has little effect on intra-grain superconductivity. Besides, the transport J c (4.2 K and self-field) of ∼3.39 × 10 4 A/cm 2 of our sintered W 2 is higher than that of the reported Cu-sheathed Ba 0.6 K 0.4 Fe 2 As 2 wire ∼1.5 × 10 4 A/cm 2 because of the greater chemical stability of Ag than Cu [14] .
Transport J c vs B for the sintered W 2 and tape is shown in Fig. 7(a) . Fig. 7(b) presents the I-V characteristics of the sintered W 2 at 4.2 K from 0.25 to 10 T. Both the un-sintered W 1 and tape showed resistive behavior at the minimum field of our transport J c measuring system of 0.25 T (not shown) due to the cracks. Sintering of both the sintered W 2 and tape enabled the transport supercurrent in field of up to 10 T, suggesting the improvement of inter-grain supercurrent. Besides, for the reported Cu-sheathed Ba 0.6 K 0.4 Fe 2 As 2 wires, intergranular coupling deteriorated as a result of Cu doping, so no transport J c was observed even at 0.25 T [14] . Therefore, the significant enhancement of the transport J c under magnetic field in our Ag-sheath samples further confirms that the Ag sheath is appropriate for the fabrication of Ba 0.6 K 0.4 Fe 2 As 2 wire/tape. However, the transport J c of the sintered W 2 and tape sharply drops after a magnetic field of 0.25 T is applied, indicating serious weak-link behavior. Various factors contribute to the weak-link behavior: grain boundary misorientation, micro-scale porosity, and impurities [1] , [8] , [14] . Although the present samples have weak-link problems, we have been the first to demonstrate the fabrication of Ba 0.6 K 0.4 Fe 2 As 2 /Ag wires and tapes using the mechanical alloyed precursor, that are able to carry transport supercurrents in field of up to 10 T. Furthermore, we can expect a further enhancement of the transport J c in our Ba 0.6 K 0.4 Fe 2 As 2 /Ag wires/tapes after improving inter-grain connectivity [1] , [8] , [14] .
IV. CONCLUSION
We report the preparation of the mechanical alloyed Ba 0.6 K 0.4 Fe 2 As 2 precursor by high-energy ball milling. The mechanical alloyed precursor was successfully processed to Agsheathed wires and tapes by the ex-situ PIT method for the first time. The T c based on magnetization measurements for the sintered wire (1.7 mm 2 ) and tape was about 31 K. The largest transport J c observed on the sintered tape was about 6.98 × 10 4 A/cm 2 at 4.2 K and self-field. Both the sintered wire and tape still carried supercurrent in field of up to 10 T. The mechanical alloyed precursor is promising for 122-type wire/tape development.
